Summary. A simple direct-addition microtitre plate enzymeimmunoassay (EIA) for progesterone in whole milk is described. The assay used antiserum raised against 11\g=a\-hydroxyprogesterone 11-hemisuccinate (progesterone 11-hemisuccinate) and a heterologous label prepared by conjugation of 11\g=a\-hydroxyprogesterone 11\ x=r eq-\ glucuronide (progesterone 11-glucuronide) with alkaline phosphatase using an active ester procedure. The 
Introduction
In 1971, Laing & Heap demonstrated that concentrations of progesterone in the milk of cows reflected the stage of the oestrous cycle as assessed by palpation of the ovary per rectum. Pro¬ gesterone concentrations in milk were later shown to parallel those in plasma (Heap, Gwyn, Laing & Walters, 1973; Hoffmann & Hamburger, 1973) and to provide a means of determining whether or not pregnancy had been established after insemination. Such measurements have enabled the functional status of the corpus luteum of dairy cows to be monitored and the causes of reproductive failure to be identified (Hoffmann, Günzler, Hamburger & Schmidt, 1976;  Lamming & Bulman, 1976; Foote et al., 1979; Ball & Jackson, 1979) . However, the enforced restriction of commercial RIA services to licenced specialized laboratories has meant that the only routine practical appli¬ cation of this approach has been a postal pregnancy-testing service (Booth & Holdsworth, 1976) . The potential advantages of enzymeimmunoassay (EIA) over RIA have been discussed previously in terms of general accessibility, low cost and the innocuous nature of the reagents employed (Landon, Crookall & McGregor, 1975; Schuurs & Van Weeman, 1977 ; Blake & Gould, 1984) .
EIAs have been described for the determination of progesterone in extracts of serum or plasma from animals of several species (Dray, Andrieu & Renaud, 1975; Joyce, Read & Fahmy, 1977;  Immunoassay Team, Edinburgh, U.K. [l,2,6,7-3H] Progesterone (sp. act. 80Ci/mmol) was purchased from Amersham International PLC (Amersham, U.K.). Progesterone was obtained from Koch Light Laboratories (Colnbrook, U.K.) and all other steroids from Steraloids Limited (Croydon, U.K.). All solvents used in the conjugation procedure were dried over molecular sieves (type 3A, BDH Chemicals Limited, Poole, U.K.). All other reagents were of Analar quality and supplied by BDH Chemicals Limited. Goat anti-progesterone 11-hemisuccinate (anti-progesterone) serum (G711/12) was a gift from Dr G. S. Pope, NIRD, Shinfield, and was used for all EIA and RIA studies at the Cattle Breeding Centre. Buffers. Phosphate buffers (01 M, pH 7-0) were prepared with disodium hydrogen orthophos¬ phate (12 H20) and sodium dihydrogen orthophosphate (2 H20) with sodium chloride (0-9% w/v; PS buffer), sodium azide (01% w/v; PAS buffer) and gelatin (01% w/v; PAS-gelatin buffer) added. DEM buffer (pH 9-8) contained diethanolamine (1 m), magnesium chloride (0-5 mM) and sodium azide (0-1% w/v).
Treatment of milk samples. Milk samples (20 ml) were taken from the collection jar after agitation of the complete milking, preserved by addition of one Lactab Mk III tablet and stored at 4°C until assayed.
Progesterone standards. Progesterone (100 µg/ml methanol) was added (01 ml/20 ml) to whole Preparation ofantibody-coated microtitre plates The anti-progesterone -globulin was diluted (equivalent to 1 : 8000 dilution of serum) in 017mM-sodium acetate buffer, pH 5-0, and an aliquant (200 µ ) was added to each well of the microtitre plates (NUNC-immunoplate IF, GIBCO, Uxbridge, U.K.). The plates were covered with a lid and even adsorption of antibody was ensured by maintenance in a draught-free environ¬ ment away from point-sources of heat for 3 h at room temperature (20-22°C) . The (Rodbard, 1978 (1) 5a-and 5ß-pregnane-3,20-dione; (2) progesterone; (3) 3ß-hydroxy-5-pregnen-20-one; (4) 3ß-hydroxy-5a-pregnan-20-one; (5) 17-hydroxy-4-pregnene-3,20-dione; (6) 20ß-hydroxy-4-pregnen-3-one; and (7) 1 lß-hydroxy-4-pregnene-3,20-dione.
(1981) using 6 ml Baker-10 octadecyl silica columns (Linton Products Limited, Harlow, U.K.). The columns were conditioned by elution with methanol (2x5 ml) and deionized water (2x5 ml). Milk samples were heated in a waterbath at 64°C for a minimum of 10 min and immediately added to the columns in three aliquants of 4-66 ml using a positive displacement pipette (Transferpettor, A. R. Horwell Limited, London, U.K.). Samples were extracted under reduced pressure using a Baker-10 manifold: the flow through each column was adjusted to a maximum of 1 ml/min. (Fig. 2) of progesterone from all steroids tested (5a-and 5ß-pregnane-3,20-dione; 3ß-hydroxy-5-pregnen-20-one; 3ß-hydroxy-5a-pregnan-20-one; 20ß-hydroxy-4-pregnen-3-one; llß-hydroxy-4-pregnene-3,20 ;dione and 17-hydroxy-4-pregnene-3,20-dione). Since the occurrence and identity of progesterone metabolites in milk is not fully established the column was backflushed for 6 min after collection of the progesterone fraction, a period three times the retention time of progesterone. This minimized any carry-over of slow running components from one sample to another. The progesterone fraction was dried down at 60°C under a stream of nitrogen and redissolved in PAS-gelatin buffer (0-7 ml) before EIA and RIA using buffer standards (in quadruplet). (Munson & Rodbard, 1982) .
Results

Assay sensitivity
The sensitivity of each assay is defined in Table 1 in terms of both limit of detection (Abraham, 1969) and the mid-point of the calibration curve (Feldman & Rodbard, 1971) . Values shown were from calibration curves using standards prepared in milk or PAS-gelatin buffer (Figs la & lb). Within-and between-assay precision. Milk samples were assayed by EIA and 9 samples, contain¬ ing 15-30 ng progesterone/ml milk, were combined to form a 'high' quality control. Nine samples containing 5 ng/ml were similarly combined ('low' quality control). Equal volumes of the 2 pools were mixed to provide a 'medium' quality control. The 3 quality controls were assayed in duplicate at 5 different positions on each of 8 microtitre plates during the course of a routine assay and the mean and standard deviation were calculated for each to allow the within-assay coefficient of variation to be determined (Table 2) . A mean duplicate determination from each quality control on each plate was selected using random numbers tables and the mean between-assay coefficients of variation were calculated by repeating the exercise a further 4 times ( found to contain > 9 ng progesterone/ml were pooled to provide a quality control sample. Eight assays, each including 3 quality control determinations, were selected using random numbers tables from 34 assays conducted in 1 week and the mean within-assay CV was calculated ( Table 2) . The between-assay CV was calculated from 40 values selected at random from assays performed during the same period (Table 2) .
Specificity of EIA and RIA at the Cattle Breeding Centre Cross-reactivity. The cross-reactivities of various steroids (dissolved in PAS-gelatin buffer) with the antiserum (G711/12) were determined by the criteria of Abraham (1969) and are presented in Table 3 . fell within the range r =0-984-0-999 for the RIA and r = 0-946-0-997 for the EIA. Correlation coefficients after linear regression of the results from EIA on those obtained by RIA were in the range r = 0-946-0-998. For 6 of the dilution series, analysis of the F-ratio showed no significant deviation from slope = 1 and intercept = 0. Significant differences were found in 4 of the series (Fig.  4) although good correlations were still exhibited (r = 0-967-0-997). Analytical recovery of progesterone added to milk samples. Progesterone was added to milk samples taken from 6 different cows during the oestrous period (endogenous progesterone < 1 -0 ng/ml by EIA), in the manner described for preparing progesterone standards, to provide concentrations of 20 ng/ml. The samples were diluted in milk from an ovariectomized cow to provide a range of concentrations (20, 16, 12, 8, 4 and 2 ng/ml). The samples were assayed by EIA and RIA and the mean concentrations and percentage recoveries of progesterone are shown in Table 6 ). The Milk Marketing Board used 4-5 ng/ml and 1-0 ng/ml in whole milk and fore-milk respectively to discriminate between samples from pregnant and non-pregnant animals at 22-26 days after insemination. Using linear regression equations calculated and corrected for error in both techniques as described, equivalent discrimination points were determined for the assays at the Cattle Breeding Centre and standard deviations were established from their coefficients of variation ( Calculated from 4-5 ng/ml (whole milk) and 10 ng/ml (fore-milk) in the MMB RIA and standard deviations from the mean overall coefficients of variation observed in the individual assays (Table 3) . variance with conclusions drawn from the Milk Marketing Board RIA and these are summarized in Table 6 : three (Nos 145, 149 and 154) were fore-milk samples. Veterinary investigation of the 5 apparent anomalies provided an indication of the correct conclusion in 3 cases (Table 6) .
Confirmation of pregnancy test results obtained by EIA. Calving dates were obtained from a further 110 cows in 4 commercial herds for which EIA had been used for pregnancy testing at 24 days after AI. Of 62 diagnoses of pregnancy, 58 (93-5%) were shown to be compatible with sub¬ sequent calving data assuming a gestation length of 280 + 10 days (Salisbury & VanDemark, 1961) . All 46 cows thought to be non-pregnant calved to a subsequent service.
Discussion
The method described is the first reported use of alkaline phosphatase in a progesterone EIA: this provided a more sensitive assay than use of ß-galactosidase as previously described (Sauer et ai, 1982a) . Peroxidase is also well suited for use as a label for progesterone EIA (Joyce, Wilson, Read & Riad-Fahmy, 1978; Arnstadt & Cleere, 1981; de Wiel & Koops, 1982; Munro & Stabenfeldt, 1984; Talion et ai, 1984) but many of the chromogens used for its assay are known to be mutagenic or carcinogenic (Voogd, van Riad-Fahmy, Read, Joyce & Walker, 1981) ; however, the preparation of enzyme conjugates using a progesterone derivative heterologous to that used for preparation of the immunogen has been shown to improve performance throughout the calibration curve (Gros, Flecheux & Dray, 1978; Sauer et al., 1982a; de Wiel & Koops, 1982; Munro & Stabenfeldt, 1984) . The use of progesterone 11-glucuronide-ß-galactosidase label with antiserum raised against progesterone 11-hemisuccinate-BSA produced calibration curves an order of magnitude more sensitive than the homologous system (Sauer et al., 1982a (1982) who used the same combination in a RIA with 125I-labelled progesterone 11-glucuronide-tyramine. The progesterone 11 -glucuronide-alkaline phosphatase label used here provided calibration curves with limits of detection, mid-points and precision values that were at least comparable or better than those of RIA ( Fig. 1 ; Table 1 ). The limits of detection and mid-point sensitivities were~50 times better than those of the homologous EIA used by Chang & Estergreen (1984) for the direct assay of progesterone in whole milk.
The presence of milk has been shown to cause a significant depression in antibody-antigen binding and sensitivity in both RIA (Heap, Holdsworth, Gadsby, Laing & Walters, 1976) and EIA (Sauer et ai, 1981 ; Chang & Estergreen, 1984) of progesterone and in recognition of this standards are often prepared in milk. Indeed, variations in non-specific effects between samples have been reported (Heap et ai, 1976; Pennington, Spahr & Lodge, 1976; Holdsworth et al., 1979; Stevens, Long & Perry, 1981 ) although many descriptions of immunoassays for progesterone have made no reference to such an occurrence. This problem was illustrated in the present study when 10 samples shown to contain luteal-phase concentrations of progesterone were diluted with milk from an ovariectomized cow. All samples showed linear correlations with dilution when measured by RIA or EIA and when these results were compared. Four of the samples, however, showed significant variation from a line of identity between EIA and RIA (Fig. 4) , indicating that the sample matrix had affected the concentration of progesterone perceived by one technique or the other. A similar effect was noted when progesterone was added to 6 milk samples taken from cows at oestrus. Although the mean recoveries of progesterone after further dilution with milk from an ovari¬ ectomized cow were close to those expected (Table 4) , greater variation in the recovery of pro¬ gesterone from individual milk samples was seen with EIA than with RIA. In comparison, Chang & Estergreen (1984) reported recovery values between 80 and 88% but a high degree of variability (s.d. 26-71%). Although comparable recovery data for RIA are scarce or limited (Heap et al., 1976) , recovery ranges have been reported by some laboratories and vary considerably, e.g. 97-110% (Bulman & Lamming, 1978) , van Eldik, Koops, Postma & Oldenbroek, 1978) ; and 100-136% (Batra, Pahwa, Suri & Pandey, 1980 (Holdsworth et al., 1979; Stevens et ai, 1981) .
Differences in cross-reactivity between RIA and EIA could produce similar discrepancies in values measured: the occurrence of progestagens in milk has been investigated by Darling, Laing & Harkness (1974) but since the oxidative procedures employed would only allow broad classification the influence of specific steroids is hard to discern. Cross-reactivity studies were conducted using the criteria of Abraham (1969) but no large differences were found between EIA and RIA (Table 3) although Van Weeman & Schuurs (1975) Purdy, Durocher, Moore & Rao (1980) showed that 5a-and 5ß-pregnanediones occur in milk but it is the suggested presence of progestagen conjugates (Heap, Henville & Linzell, 1975) that should give rise to concern since these are not defined and were not tested. Their preponderance in the aqueous phase of milk would enhance their interaction with the antibody in comparison with progesterone and their greater availability would be accentuated by the non-equilibrium nature of EIA (Sauer et al, 1982a; Morino, Nakao, Tsunoda & Kawata, 1984; Munro & Stabenfeldt, 1984) ; the importance of the 'first-come, first-served' principle (Pratt & Woldring, 1976) (Kricka et al., 1980) have found evidence for variation in the adsorption of antibody to plates (CV = 5-2-30%). Although similar problems were originally encountered with both polyvinyl and polystyrene plates in this laboratory, the use of plates specifically manufactured for immunoassay and attention to detail in ensuring a stable environment during antibody coating and incubation resulted in acceptable precision (CV = 51%). In particular, no evidence was seen of preferential binding to wells at the edge of the plate (see Kricka et al., 1980) . The within-and between-assay precision of EIA were 12-5 and 14-8% respectively and compared favourably with values for RIA both in this study (Table 2 ) and others (Heap et ai, 1976; Holdsworth et ai, 1979; de Wiel, Kalis & Shah, 1979; Batra et al., 1980) . Bulman & Lamming (1978) , however, have given details of an RIA with greater precision (CVs = 8-9% and 10-3%). If standards and 40 samples are assayed in duplicate on a microtitre plate, about 15 min will elapse between introduction of the first sample and addition of the conjugate. Munro & Stabenfeldt (1984) , using 50 µ antibody per well to coat the plate and 50 µ sample, found that this resulted in a systematic variation in the value determined for a sample depending on the time of addition to the plate ('drift'), presumably because the earlier the addition the greater the time for contact between the sample and antibody. Since the microtitre plate EIAs described do not attain equilibrium (Sauer et ai, 1982a; Munro & Stabenfeldt, 1984) Fig. 3a) (Table 6 ) produced results for which the deductions from the assays differed and 3 of these were fore-milk samples which have previously been shown to produce results that may be variable in some circumstances (Holdsworth, Booth, Sharman & Rattray, 1980 (Foulkes et al., 1982) . It remains possible that the single real discrepancy (No. 81) in this study represents a similar occurrence. Calving data, however, obtained from a further 110 cows in 4 commercial herds, of which 62 were determined as producing a positive test result by EIA, showed no evidence of this phenomenon. The 4 cows that did not calve to the expected insemination returned to service and were re-inseminated 31, 113, 160 and 161 days later. None of these intervals is compatible with a single cycle occurring after service and it is suggested that the luteal phase was prolonged in each of these cows. Similarly, no unexpectedly high values were seen during the follicular phase in a separate study (Wilson, Parker, Foulkes & Sauer, 1985) in which oestrous cycles of 29 cows were monitored by EIA of milk samples taken each day. Calving data from the 46 cows shown to be non-pregnant by EIA of milk taken 24 days after insemination in this study indicated that none had conceived to that service.
In conclusion, this EIA for progesterone has been shown to rival RIA in precision and sen¬ sitivity. Its simplicity, cheapness and safety will allow practical expression of the detailed knowledge of bovine reproductive physiology, acquired through studies employing RIA 
